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We combine first-principles density-functional theory with matrix Green’s function calculations to predict
the structures and charge transport characteristics of self-assembled monolayers (SAMs) of four classes of
systems in contact with Au(111) electrodes: conjugated polyene chains (n ) 4, 8, 12, 16, and 30) thiolated
at one or both ends and saturated alkane chains (n ) 4, 8, 12, and 16) thiolated at one or both ends. For the
polyene SAMs, we find no decay in the current as a function of chain length and conclude that these
1-3 nm long polyene SAMs act as metallic wires. We also find that the polyene-monothiolate leads to a
contact resistance only 2.8 times higher than that for the polyene-dithiolate chains, indicating that the device
conductance is dominated by the properties of the molecular connector with less importance in having a
second molecule-electrode contact. For the alkane SAMs, we observe the normal exponential decay in the
current as a function of the chain length with a decay constant of n ) 0.82 for the alkane-monothiolate and
0.88 for the alkane-dithiolate. We find that the contact resistance for the alkane-monothiolate is 12.5 times
higher than that for the alkane-dithiolate chains, reflecting the extra resistance due to the weak contact on the
nonthiolated end. These contrasting charge transport characteristics of alkane and polyene SAMs and their
contact dependence are explained in terms of the atomic projected density of states.
1. Introduction
Recent advances in molecular electronics are leading to novel
candidates for future miniaturization of electronic devices.1,2
These applications depend sensitively on the charge transport
behavior of the molecular-based systems connected to the
electrodes in the nanometer scale. Progress is hampered because
device structures having precise configuration and composition
are difficult to synthesize and characterize. This situation makes
computational studies highly valuable.
We present here a first-principles study of the charge transport
properties for four classes of self-assembled monolayers (SAMs)
sandwiched between Au(111) electrodes.
• trans-n-alkane-monothiolate: Au-S(CH2)n-1CH3 · · ·Au with
n ) 4, 8, 12, and 16 (Figure 1a)
• trans-n-alkane-dithiolate: Au-S(CH2)nS-Au with n ) 4, 8,
12, and 16 (Figure 1b)
• trans-n-polyene-monothiolate: Au-S(CH)n-1-CH2 · · ·Au with
n ) 4, 8, 12, 16, and 30 (Figure 1c)
• trans-n-polyene-dithiolate Au-S(CH)nSsAu with n ) 4, 8,
12, 16, and 30 (Figure 1d)
These studies use a multiscale computational approach that
combines quantum mechanical (QM) density-functional theory
(DFT) and matrix Green’s function (MGF) calculations with
classical force-field (FF) molecular dynamics (MD) simulations.3-7
We expect that such SAMs will be advantageous for device
applications, because the intermolecular interactions in the SAM
provides a more stable and reproducible structure than isolated
single molecules.8 This should simplify synthesis and should
yield the more consistent performance required for practical
device applications.
We find that the SAMs based on the n-polyene chains lead
to a conductance that is nearly independent of the chain length,
even up to n ) 30. This indicates that the nanoscale polyene
SAM behaves more like a metal. In contrast, we find that
n-alkane-thiolate and n-alkane-dithiolate chains exhibit the more
common exponential decay in the conductance with respect to
the chain length, in agreement with previous experimental and
theoretical studies.
We also determined the differential contact resistance between
having the chain covalently attached to the Au surface through
thiolates at both ends (C-S-Au) versus leaving one of the chain
ends with a van der Waals contact to the Au surface (CH3 · · ·Au
for the alkanethiolates and CH2 · · ·Au for the polyenethiolates).
For the alkane-dithiolate SAM, we find that its conductance is
larger than its monothiolate counterpart by a factor of about
12, showing that the device conductance is dominated by the
molecule-electrode contacts for the alkane-based SAMs. In
contrast, we find that the contact resistance for n-polyene-
dithiolate chains is only 2.8 times smaller than that for their
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monothiolate counterparts. This indicates that the polyene SAM
device conductance is determined by the properties of the
molecular connector with less importance in having a second
molecule-electrode contact.
The contrasting charge transport behavior of the alkane and
polyene SAMs as well as their contact dependence will be
explained via projected density of states (PDOS) of molecular
cores and thiolate bridges.
2. Monolayer and Device Structures from FF Molecular
Dynamics and Energy Minimization
The structural properties of these SAMs were described using
two-dimensional (2D) periodic boundary conditions based on the
Dreiding FF9 modified by including extra interaction terms between
the S and the Au surface based on DFT calculations of
S-CH2-CH3 bonded to an Au28 cluster.10 Charges were obtained
using the charge equilibration model.11 A more detailed description
of the procedure was described previously.3
2.1. Alkane Case. To obtain the optimum packing and
structure for the n-alkane(mono)thiolate SAMs, we considered the
12-alkane-thiolates [S-(CH2)11-CH3] on a 2D Au(111) periodic
slab consisting of four atomic layers. It is well-known that n-alkane-
thiolates (ng 6) form well-ordered SAMs on the Au(111) surface
at the packing density (3 × 3)R30° and molecule tilt angle of
about 30° from the surface normal direction.8 To find out the
optimal packing density, we employed the 1 × 1, 2 × 1, 3 ×
3, 2 × 2, 3 × 2, and 3 × 3 Au unit cells (1, 2, 3, 4, 6, and 9 Au
atoms in one atomic layer) per chain within the 2D periodic
boundary condition, as shown in Figure 2.
Using this SAM model, we performed MD simulations at
300 K using the Nose-Hoover thermostat (NVT) for 1-2 ps
(MD time steps of 1.0 fs), allowing the system to relax. These
structures were then energy minimized. To check the reliability
of our results and the effect of superstructure formation, we
doubled the unit cell to contain two independent chains. The
cohesive energy or formation energy was calculated using the
equation
Figure 1. Configurations of the molecular electronic devices considered in this work: (a) alkane-thiolate, (b) alkane-dithiolate, (c) polyene-thiolate,
and (d) polyene-dithiolate SAMs. 8-Alkane and 8-polyene cases are shown. All geometric variables were optimized within the FF.
EnergyFormation )
EnergyTotal - (EnergyGold + N × EnergyMolecule)
N (1)
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where N ) 1 for the single chain and N ) 2 for the double
chains. The results are listed in Table 1.
We find that the optimum coverage for the alkane-thiolate
case has a packing of one molecule per 3 gold atoms in one
atomic layer [9 Au atoms in one Au(111) unit cell], which
corresponds to the (3 × 3)R30° packing observed experi-
mentally. The energy-minimized 12-alkane-thiolate SAM con-
formation for the (23 × 3)R30° cell is shown in Figure 3a.
This (23 × 3)R30° superstructure leads to a herringbone
pattern with the S atoms at the 3-fold face-centered cubic (FCC)
hollow site. We calculate a final angle of the chains with respect
to the surface of 34.1 ( 0.5°, which agrees with the experimental
values of 30°,12 34°,13 and 34°,14 and previous calculations of
28.3°15 and 25-34°.16
Within the packing density of one thiolate per three surface
Au atoms, S adsorption sites and the actual superstructure
remains in dispute. Some studies15,17 proposed the formation
of a disulfide bond on the Au(111) surface, while others18 have
argued against the disulfide bond formation. Later, it was
suggested that both may coexist.19 More recent experiments find
a new SAM structural model in which pairs of thiolates are
bound to a bridging Au adatom above the ideal (111) surface.20,21
Regarding the superstructure, there is evidence suggesting
that the dominant superlattice structure is c(4 × 2), including 8
molecules [equivalent to the (3 × 23)rect superstructure that
includes four molecules] with no disulfide bond.8,22,23 However,
experiments also find that the c(4 × 2) phase can coexist with
the (3 × 3)R30° phase.14,17,24
As mentioned above, more recent studies have observed
thiolates bound to bridging Au adatoms.20,21,25 However, we will
limit ourselves here to the idealized Au(111) surface. In this
case, theoretical studies report that the energetic difference
between the (3 × 3)R30° phase with one chain per unit
cell and c(4 × 2) phase with four chains per unit cell is
negligible (about 0.5-1 kcal/mol difference):18,19 Our FF
predicts that the c(4 × 2) configuration is a stable local energy
minimum structure, and the (23 × 3)R30° herringbone
configuration is 1.35 kcal/mol per molecule more stable than
the c(4 × 2) configuration and 1.49 kcal/mol per molecule more
stable than the (3 × 3)R30° parallel configuration (leading
to the global energy minimum). We calculated that the tilt angle
for each packing model is very similar: 33.39° for (3 ×
3)R30°, 33.29° for c(4 × 2), and 33.20° for (23 × 3)R30°.
Since this energy difference is small compared to kT and since
such differences in monolayer packing (with the same tilt angle)
have only negligible effects on the charge transport character-
istics of alkane SAMs,4 we use the simpler (23 × 3)R30°
superstructure for all QM calculations of charge transport.
To prepare device models for the QM calculations, we
repeated the above procedures of FF MD and energy minimiza-
tion for the 4-, 8-, and 16-alkane-thiolate SAMs packed into
the (23 × 3)R30° unit cell. We then capped the 4-, 8-, 12-,
and 16-alkane SAMs with the top Au(111) electrodes. We
considered both monothiolate and dithiolate junctions and
included three atomic layers in the bottom and top electrodes.
For the dithiolate SAM models, we carried out additional NVT
MD simulations with the top electrode allowed to float down
in the vacuum above the organic chains. This final structure
had the top sulfur atoms binding to the top electrode in the 3-fold
FCC hollow sites, just as for the bottom S-Au junctions. The
system was then energy minimized to obtain the structure to
be used in calculating charge transport properties. The device
geometry for the 12-alkane-dithiolate junction is shown in Figure
4a.
For the monothiolate device models, the top S atoms of the
dithiolate device models were replaced by H atoms and the
structures were energy minimized within FF. For the 12-alkane-
thiolate case, this leads to the structure shown in Figure 4b.
2.2. Polyene Case. For the polyene case, we used the same
procedure as for the alkanes. We considered only the all-trans
polyenes. To obtain the optimum SAM packing density, we
employed the 12-polyene-monothiolate on a 2D Au(111) slab
with four atomic layers. We calculated the cohesive energies
for the 1 × 1, 2 × 1, 3 × 3, 2 × 2, 3 × 2, and 3 × 3 Au
unit cells using single and double chain cases as in the alkane
case. The results are listed in Table 2.
We find that the optimum coverage for the polyene-thiolates
has a packing density of (3 × 3)R30° just as in the alkane-
thiolate case. On the other hand, the tilt angle is 48°, much
larger than the 34° found for the alkane SAMs. The geometry
of the 12-polyene-thiolate SAM in the (23 × 3)R30° cell
is shown in Figure 3b. The polyene chains were found to lie
parallel to one another with S atoms bonded to the Au surface
at the FCC hollow sites, which corresponds to a (3 ×
3)R30° unit-cell superstructure. This configuration was also
checked using the 3 × 3 (3 × 3)R30° supercell (with an
area of 195 Å2) including nine organic chains on the cell surface.
Experimental realizations of nanoscale all-trans polyene
junctions have not yet been reported. For the bulk polyacetylene,
it was possible to obtain 81% crystallinity with 97% trans
content.26 These numbers vary depending on annealing time and
temperature but do not approach perfect crystallinity with 100%
trans content. Achieving well-ordered polyene SAMs is even
more difficult because they oxidized readily when a bias voltage
is applied to the Au electrodes. Thus, our data based on perfectly
crystalline polyene SAM structures with 100% trans content
cannot yet be directly compared with experiments.
After determining the SAM structures for the n-polyene-
thiolates with n ) 4, 8, 12, 16, and 30 at the optimal (3 ×
3)R30° packing density, we prepared device models for the
calculations of charge transport properties. Although the (3
× 3)R30° unit cell was found to be the optimal superstructure
for the n-polyenes, we employed the (23 × 3)R30° unit
cell as for the alkane case for the numerical consistency. The
Figure 2. Top view of (a) 1 × 1, (b) 2 × 1, (c) (3 × 3)R30°, (d)
2 × 2, (e) 3 × 2, and (f) 3 × 3 Au 1 × 1 unit cells. The number of Au
atoms per layer is 1, 2, 3, 4, 6, and 9, respectively.
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n-polyene-dithiolate structures were energy minimized after NVT
FF MD simulations with the top electrode being allowed to float
down in a vacuum above the organic chains. Both the bottom
and top sulfur atoms were found to prefer the 3-fold FCC hollow
sites on the Au surface. Finally, the system was energy
minimized, giving the device structures as shown in Figure 4c
and d for the 12-polyene case. Finally, we started with the FF-
derived device structures and performed additional DFT QM
energy minimizations for the molecular structures, while fixing
the Au(111) electrodes (see section 3 for the DFT computational
details).
3. Confirmation of the (3 × 3)R30° Packing Density
Using Density-Functional Calculations
Starting with the 8-alkane-thiolate and 8-polyene-thiolate
SAM structures energy minimized within the FF, we used the
SEQQUEST27 program to perform 2D (slab geometry) DFT
calculations to validate the accuracy of the FF studies. We
considered here the 8-alkane/polyene-thiolate SAMs with the
1 × 1(2 × 1), 1 × 1(3 × 3)R30°, and 1 × 1(2 × 2) Au
cells each with three Au(111) substrate layers. We used the
Perdew-Burke-Ernzerhof (PBE) parametrization of general-
ized-gradient approximation (GGA),28 with norm-conserving
scalar-relativistic pseudopotentials to remove the core elec-
trons.29 The Kohn-Sham orbitals were expanded in terms of
the double--polarization quality Gaussian basis set optimized
for the corresponding pseudopotentials. The exchange-correla-
tion energy and Hartree potential were calculated using a
uniform real-space grid with 0.3 Bohr spacing. For the k-space
sampling, we used shifted 2 × 4, 2 × 2, and 2 × 2 interface-
parallel reciprocal kb| points for the energy minimization of 2 ×
1, (3 × 3)R30°, and 2 × 2 Au unit cells, respectively, and
6 × 12, 7 × 7, and 6 × 6 kb| points were respectively sampled
to obtain their final energies. The total energies of the six SAM
models were minimized until the maximum ionic forces were
smaller than 25 meV/Å.
Formation energies and tilt angles are presented in Table 3
together with the root-mean-square deviation of atomic positions
in each case. We see that the FF-derived structures compare
well with those that are further optimized within the PBE-GGA.
More importantly, we confirm that (3 × 3)R30° is the
optimal packing density with DFT.
Two significant differences between the FF and DFT results
are
(1) the relative stability of the alkane and polyene SAMs is
reversed
(2) PBE leads to a much smaller energy difference between the
(3 × 3)R30° and 2 × 2 Au(111) cell-based structures than
the FF. However, these packing interactions are dominated by
the London dispersion (van der Waals attraction) forces, which
are known to be described poorly with these DFT methods. In
contrast, the vdW part of the FF was fitted to experimental
crystal structures. Thus, it may well be that the FF results are
more accurate. In any case, these differences do not affect the
calculations of the current-voltage characteristics considered
in section 4.
4. Current-Voltage Characteristics from Matrix Green’s
Function Calculations
Using the device structures based on the (23 × 3)R30°
cell (section 2), we performed MGF calculations30 to compute
the transmission function T and the density of states (DOS).
Since we have to deal with many device models, and are mainly
interested in the relative differences between their characteristics,
we introduced approximations not made in our previous
studies3,4,31 as follows:
(i) The first part of the MGF calculation consists of three DFT
calculations: one for the main 2D device model (bottom Au
electrode + alkane/polyene-(di)thiolates + top Au electrode)
and two additional ones for the 3D crystal structures corre-
sponding to the bottom and top Au electrodes. It would be
proper to base the latter bulk 3D models on the ideal perfect
crystal structures, but the Au electrode atoms in our SAM
models are perturbed only insignificantly from the perfect
crystalline geometry, with very small Au relaxations. Thus, we
TABLE 1: Tilt Angles and Formation Energies of 12-Alkane-thiolate SAMs for Various Packing Densities
system
number of surface
Au atoms/chain
area per
molecule (Å2)
tilt
angle (deg)
total
energy (kcal/mol)
energy of
gold (kcal/mol)
energy of
molecule
(kcal/mol)
formation
energy
(kcal/mol)
single 12-alkane chain 2 14.41 31.7 -23.43 -172.39 12.46 136.49
3 21.61 35.4 -307.90 -252.63 12.46 -67.73
4 28.81 49.8 -384.96 -344.83 12.46 -52.59
6 43.22 67.0 -552.00 -517.29 12.46 -47.17
9 64.83 77.4 -804.68 -775.91 12.46 -41.23
double 12-alkane chains 1 14.41 0 1187.21 -172.39 12.46 667.34
2 28.81 14.3 -215.19 -344.83 12.46 52.36
3 43.21 35.1 -606.68 -507.59 12.46 -62.00
4 57.63 52.1 -766.47 -689.70 12.46 -50.85
6 86.44 57.5 -1087.04 -1031.25 12.46 -40.35
Figure 3. Structures of (a) (23 × 3)R30° 12-alkane-thiolate and
(b) (23 × 3)R30° 12-polyene-thiolate SAMs.
Charge Transport through Polyene SAMs J. Phys. Chem. B, Vol. 112, No. 47, 2008 14891
based the Au electrode parts directly on the structures from the
FF-relaxed device models. One measure to quantify the accuracy
of this approximation is to determine the “numerical” gap
produced in the bulk 3D calculations.4 Usually, we find a gap
of ∼10-4 eV or less from calculations using the perfect crystal
geometry. Using the electrode atom configurations directly taken
from the SAM models, we still find a gap of 10-2 eV. This is
sufficiently small to ensure an accurate alignment of energy
levels from three DFT calculations.4
(ii) The second part of the MGF calculation is to generate
the surface Green’s functions and calculate transmission factors.
Here, we simplified by using only the actual molecules as the
scattering region. We could increase the accuracy of the
calculation by incorporating extra layers of electrode atoms
within the scattering region.3,31 We did not do so here because
the resulting changes were found to be rather small for our
purpose of comparing different molecular structures.
After calculating the transmission function, we obtained the
current-voltage (I-V) characteristics via the Landauer-Bu¨ttiker
formula
where µ1 and µ2 are the chemical potentials of the two electrodes
and f is the Fermi-Dirac distribution function. Since we are
interested in the low-bias regime I-V characteristics, we carried
out non-self-consistent MGF calculations based on the zero-
bias DFT output and used the approximation T(E,V) ≈ T(E,0)
to obtain the I-V curves. Here, we also assumed a symmetric
distribution of the bias voltages across the bottom and top
contacts, µ1 ) EF + 0.5 eV and µ2 ) EF - 0.5 eV, where EF is
the Fermi energy of the system. This should be a good
approximation for the dithiolate cases but is less accurate for
the monothiolate cases. However, since the systems considered
here have rather flat transmissions around EF, we expect this to
be a reliable approximation (at least for low-bias voltage regimes
of our interest). Further details on the theoretical and numerical
issues of our MGF implementation were presented elsewhere.3,4,31
4.1. Alkane Case. The transmission functions calculated for
the n-alkane-dithiolate and n-alkane-thiolate junctions are shown
in Figure 5a and b, and the resulting I-V curves are shown in
Figure 6a and b, respectively. As expected for coherent
nonresonant tunneling through insulating materials,32,33 we
observe an exponential decay of current (an exponential increase
of resistance) with respect to chain length
where R0 is a reference contact resistance, n is the number of
carbon repeat units, and n is the decay coefficient per methylene
unit. Semilog plots of tunneling resistance per molecule at 0.1
V in units of RK ()h/e2 ) 25812.8 Ω) versus the number of
methylene units for the alkane-dithiolates and alkane-thiolates
are shown in Figure 7a.
We obtain n ) 0.82 for the alkane-monothiolates, or
expressing this in units of inverse length d ) 0.80 Å-1 (with
R2 ) 1.00). Representative experimental values from the
literature are the following: d ) 0.85 Å-1 (Weber et al.34), d
) 0.89 Å-1 (Slowinski et al.35), d ) 0.88 Å-1 (Frisbie et al.36),
Figure 4. Structures of (a) (23 × 3)R30° 12-alkane-dithiolate and (b) corresponding 12-alkane-thiolate SAM devices. Structures of (c) (23
× 3)R30° 12-polyene-dithiolate and (d) corresponding 12-polyene-thiolate SAM devices.
TABLE 2: Tilt Angles and Formation Energies of 12-Polyene-thiolate SAMs for Various Packing Densities
system
number of surface
Au atoms/chain
area per
molecule (Å2)
tilt
angle (deg)
total
energy (kcal/mol)
energy of
gold (kcal/mol)
energy of
molecule
(kcal/mol)
formation
energy
(kcal/mol)
single 12-polyene chain 1 7.20 0 165.38 -86.18 5.93 245.62
2 14.41 2.3 -195.04 -172.39 5.93 -28.58
3 21.61 48.0 -313.69 -234.11 5.93 -85.51
4 28.81 57.4 -392.15 -344.83 5.93 -53.25
6 43.22 70.2 -561.51 -517.29 5.93 -50.16
9 64.83 78.1 -811.86 -775.91 5.93 -41.88
double 12-polyene chains 1 14.41 0 132.55 -172.39 5.93 146.54
2 28.81 1.1 -405.87 -344.83 5.93 -36.45
3 43.21 48.2 -624.21 -456.41 5.93 -89.83
4 57.63 57.7 -779.71 -689.70 5.93 -50.94
6 86.44 69.7 -1117.07 -1031.25 5.93 -48.84
I(V ) ) 2eh ∫ µ1µ2dET(E, V )[ f(E - µ1) - f (E - µ2)] (2)
R ) R0 exp(nn) (3)
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n ) 0.8 (Cui et al.37), and d ) 0.83 Å-1 (Lee et al.38). In the
above evaluation of d, we chose d to be the total distance
between the surface layer Au atoms on each electrode. If instead
we choose d to be the distance between the terminal C or S
atoms of the molecule, we obtain a reduced value of d )
0.71-0.74 Å-1, depending on the definition of “molecule
length” (e.g., bottom S to top C distance, bottom C-top C
distance, etc.). Because of the ambiguity of defining the
“distance” d,31 especially when the molecules are tilted as in
the SAM configuration, we refer only to n in the following.
For the alkane-dithiolate case, we obtained n ) 0.88 (R2 )
1.00). This can be compared to the value n ) 0.90 obtained
for the stretched single-molecule case.31 This good agreement
between the single-molecule and SAM cases is due to the
negligible effect of molecular tilting and monolayer packing
on the charge transport characteristics of alkane-based devices.4
Finally, the effective contact resistances R0 for the dithiolate
and monothiolate contacts are 12.69 and 176.69 kΩ, respec-
tively. Thus, the ratio of the resistance of the monothiolate chains
compared to the dithiolate chains is R0(mono)/R0(di) ) 12.5.
This shows the significant effect of having a vdW or phys-
isorption contact at one end for the monothiolate. This ratio
agrees qualitatively with other studies39 that found alkane-
dithiolate junctions to have contact resistances 1-2 orders of
magnitude smaller than that of alkane-thiolate junctions.
4.2. Polyene Case. Polyene SAMs have not yet been reported
experimentally, perhaps because the conjugated double bonds
are sensitive to oxidation. Bulk polyacetylene films have been
synthesized, but all have significant disorder. It has been shown
that increased disorder of the in-plane alignment of fine fibrils
in ultrathin polyacetylene films leads to a decrease in electrical
conductivity from those expected of an ordered system.40 As a
result, experimental I-V data is not yet available for polyene
SAMs. We will now suggest that polyene SAMs would have
particularly interesting I-V properties, making their synthesis
most desirable.
The predicted tunneling transmission as a function of voltage
is shown in Figure 5c for the n-polyene-dithiolate junction and
in Figure 5d for the n-polyene-thiolate junction. The resulting
I-V curves are shown in Figure 6c and d. The most notable
result is that we find no increase in resistance for polyenes with
increased chain length, as shown in Figure 7b. That is, the
polyene chains behaVe as metals. This is in contrast to bulk
polyacetylenes that are well-known to be semiconductors,
becoming conductors only with doping.41-43
TABLE 3: Tilt Angles and Formation Energies of 8-Alkane/Polyene-thiolate SAMs for Several Packing Densities Obtained
from PBE DFT Calculationsa
system
number of surface
Au atoms/chain area/molecule (Å2)
tilt
angle (deg)
formation
energy (kcal/mol)
rms
deviation (Å)
8-alkane 2 14.41 32.5 82.43 0.236
3 21.61 35.6 -42.53 0.531
4 28.81 51.0 -40.00 0.281
8-polyene 2 14.41 9.0 7.71 0.311
3 21.61 45.5 -25.08 0.652
4 28.81 57.2 -23.88 0.420
a Root-mean-square (RMS) deviations of atomic positions between the initial FF-generated structures and the final PBE DFT-optimized
structures are also shown together.
Figure 5. Transmission function per molecule of (a) alkane-dithiolate, (b) alkane-thiolate, (c) polyene-dithiolate, and (d) polyene-thiolate SAMs.
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We find that the effective contact resistances R0 for the
polyene-dithiolate and polyene-monothiolate contacts are 39.07
and 141.73 kΩ, respectively. This magnitude of contact
resistances for the polyene junctions are similar to those for
the alkane junctions, but the ratio R0(mono)/R0(di) ) 2.8 is much
smaller than the value of 12.5 for the alkane case. In the next
section, we will analyze the physical origin of the contrasting
charge transport behavior of alkane and polyene SAMs.
4.3. Discussion: Comparison of Alkane and Polyene I-V
Data. We now analyze the characteristic conductance scaling
with the molecule length in alkane chains (section 4.1) as
well as the lack of length dependence in polyene chains
(section 4.2) by analyzing DOS projected onto the S linkage
atoms and the remaining molecular cores. The PDOS curves
for the alkane and polyene chains are presented in Figures 8
and 9, respectively.
Figure 6. Current (per molecule)-voltage curves shown on a semilogarithmic scale for the (a) alkane-dithiolate, (b) alkane-thiolate, (c) polyene-
dithiolate, and (d) polyene-thiolate SAM junctions. Parts a and b show the exponential decay of the tunneling current for the alkane SAMs and
show that the junctions with two dithiolate contacts have currents a factor of ∼12 larger than those with monothiolates. Parts c and d show no
systematic length dependence in current and a much smaller contact dependence for the polyene SAMs.
Figure 7. Dependence of junction resistance on the molecular length for the (a) alkane and (b) polyene SAMs. Lines are linear fits. The polyalkane
SAMs show exponentially increasing resistance, with n ) 0.82 for monothiolates and n ) 0.88 for dithiolates. The experimental data for the
alkane case are from the STM measurements of single dithiolate molecules by Xu et al.44 The polyene-based SAMs show no systematic length
dependence.
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First, we consider the alkane case (Figure 8). We observe
that the DOS around EF is dominated by the S PDOS with peaks
at ∼EF - 1.3 eV, which makes it the highest occupied molecular
orbital (HOMO) of the entire molecule. The S PDOS of
dithiolate (monothiolate) models is more or less constant
throughout all the dithiolate (monothiolate) systems, which
indicates that the local S-Au linkage chemistry is almost
identical in all of the models. We also find that the S PDOS of
dithiolate models is about 2 times larger than that of the
monothiolate models.
Compared with the S PDOS, the HOMO of the alkane core
is about 3.0 eV below EF and the lowest unoccupied molecular
orbital (LUMO) PDOS of the alkane core lies at about 3.0 eV
above EF. Due to this large HOMO-LUMO gap of the alkane
cores, the increase of chain length increases only the PDOS in
the energy region < -3 eV and > +3 eV, with no effect on the
transmission channels around EF. Because the dominant PDOS
contribution at EF resulted from the S linkage atoms and the
molecular core simply acts as a tunneling barrier, the conduc-
tance of alkane-based junctions exponentially decreases with
respect to the molecular length and the contact resistance
depends critically on whether there are one or two thiolate
bridges (Figures 6a and b and 7a).
We next consider the polyene case (Figure 9). As in the alkane
junctions, we find S PDOS contributions that are constant
throughout all the dithiolate (thiolated) junctions with peaks at
∼EF - 1.5 eV. The difference is that the HOMOs of the entire
polyalkane-dithiolate and polyalkane-thiolate junctions are
derived from the S atoms, whereas for the polyene cases we
find that the HOMOs and LUMOs originate from the polyene
cores which have significant contributions to the PDOS near
EF. In particular, we find that the polyene HOMOs are fixed at
∼EF - 0.5 eV, while the location of LUMOs moves downward
from ∼EF + 2.0 eV for the 4-polyene junctions to ∼EF + 0.5
eV for the 30-polyene junctions. The decreasing HOMO-LUMO
gap increases the polyene PDOS near EF as the chain length
increases. This increasing number of charge conductance
channels through molecular cores around EF cancels the effect
of the increasing distance that the tunneling electrons must
travel, explaining the lack of length dependence of contact
Figure 8. PDOS per molecule of thiolates (red lines) and alkane cores (blue lines) for the n-alkane-thiolate (T) and n-alkane-dithiolate (DT)
SAMs. This shows that the HOMO is dominated by S character, with large band gaps for alkane chains.
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resistance in nanoscale polyene-based junctions. The dominance
of polyene PDOS compared to thiolate PDOS furthermore
indicates a strong coupling of molecular cores to the electrodes,
which results in the much smaller thiolate/dithiolate ratio of
the junction resistance in the polyene case.
5. Summary
In this work, we studied the packing configuration and
transmission properties of n-alkane-thiolate, n-alkane-dithiolate,
n-polyene-thiolate, and n-polyene-dithiolate monolayer devices
using QM DFT-MGF methods supplemented with classical FF
based partly on QM.
We find that the optimal packing for the alkane-thiolate
SAMs has the (3 × 3)R30° packing with a 2 × 1
superlattice structure corresponding to the herringbone pack-
ing of adjacent chains. This is in good agreement with
experiments,8 validating our computational approach.
Figure 9. PDOS per molecule of thiolates (red lines) and polyene cores (blue lines) for the n-polyene-thiolates (T) and n-polyene-dithiolate (DT)
SAMs. Here, the HOMOs and LUMOs are dominated by the polyene molecular cores. The HOMO-LUMO gap decreases with n, resulting in an
increase of the DOS near EF with increasing n.
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For the polyene-thiolate SAMs, we obtained the same (3
× 3)R30° packing density as for the alkanes but with a 1 ×
1 superlattice structure corresponding to the parallel arrangement
of polyene chains. We are not aware of any experimental data
with which to compare these results.
The central focus of this study was the SAM charge transport
properties of the polyene SAMs, which have not yet been studied
experimentally. Most surprising is the predicted excellent
conductance properties, in which there is no length-dependent
decay in current even up to 30-polyene chain length. In addition,
the dependence of contact resistance on the number of thiolate
contacts is small, increasing only by a factor of ∼2.8 upon
forming the second electrode thiolate covalent bond.
For the n-alkane devices, we find the well-known exponential
decay with a decay constant of n ) 0.82 for the monothiolate
junctions and n ) 0.88 for the dithiolate junctions. This is in
good qualitative agreement with other experimental and theo-
retical investigations. The resistance of monothiolate junctions
was found to be ∼12.5 times larger than that of dithiolate
counterparts.
To explain this difference in transmission characteristics
between the alkane-(di)thiolate and polyene-(di)thiolate junc-
tions, we examined the PDOS of molecular cores (alkanes and
polyenes) and thiolate contacts. For the alkane case, the DOS
around EF was dominated by S HOMO PDOS with a negligible
PDOS from the molecular core. On the other hand, for the
polyene case, we found polyene-originated HOMOs and LU-
MOs, and significant molecular core (polyene) PDOS around
EF that increases with the chain length. This unexpected lack
of length dependence in the resistance of nanoscale polyene
SAM junctions might be tested experimentally, which could
prove to be a useful ingredient for the future development of
molecular electronics.
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